The Endangered snow leopard Panthera uncia occurs in the Central Asian Mountains, which cover c.  million km  . Little is known about its status in the Kyrgyz Alay Mountains, a relatively narrow stretch of habitat connecting the southern and northern global ranges of the species. In  we gathered information on current and past (, the last year of the Soviet Union) distributions of snow leopards and five sympatric large mammals across , km  of the Kyrgyz Alay. We interviewed  key informants from local communities. Across  -km  grid cells we obtained , and  records of species occurrence (site use) in  and , respectively. The data were analysed using the multi-season site occupancy framework to incorporate uncertainty in detection across interviewees and time periods. High probability of use by snow leopards in the past was recorded in . % of the Kyrgyz Alay. Between the two sampling periods % of sites showed a high probability of local extinction of snow leopard. We also recorded high probability of local extinction of brown bear Ursus arctos (% of sites) and Marco Polo sheep Ovis ammon polii (% of sites), mainly in regions used intensively by people. Data indicated a high probability of local colonization by lynx Lynx lynx in % of the sites. Although wildlife has declined in areas of central and eastern Alay, regions in the north-west, and the northern and southern fringes appear to retain high conservation value.
Introduction
T he global decline and increasing risk of extinction of large mammals, especially large carnivores, is driven by a combination of their intrinsic life-history traits, environmental factors and anthropogenic pressures (Brashares, ; Cardillo et al., , ; Karanth et al., ; Pillay et al., ) . Ultimately, the persistence, decline or changes in distribution of a species may be perceived as the outcome of local colonizations and extinctions, and understanding colonization-extinction dynamics can be valuable for conservation planning. Assessment and monitoring of the conservation status of species can be challenging, however, particularly for elusive and rare carnivores such as the snow leopard Panthera uncia (Jackson & Hunter, ; McCarthy et al., ) . Long-term data on abundance patterns are desirable but methods such as transect surveys, camera-traps and non-invasive genetic sampling are cost intensive and time consuming, making them less suitable for monitoring wildlife status over large areas (van der Hoeven et al., ; Jackson et al., ; McCarthy et al., ; Janečka et al., ; Zeller et al., ; Sharma et al., ) .
Occupancy is a state variable that describes the probability of the sampled sites being occupied by a species (MacKenzie et al., ) . It has been used to estimate species occurrence, distribution and habitat selection for a variety of taxa (Bailey et al., , ; Cabeza et al., ; MacKenzie & Royle, ; Smith et al., ; Ruell et al., ) . Site occupancy estimates account for false absence data (i.e. when a species is present in an area but is not detected during sampling), a problem encountered commonly in relation to rare species (MacKenzie et al., ) . With spatio-temporal data, the multi-season occupancy framework provides a useful means of estimating local colonization and extinction probabilities across two or more sampling periods (MacKenzie et al., ) .
Local people living in areas adjoining or overlapping with wildlife habitats represent a source of potentially valuable information on the occurrence of species and the status of biodiversity (Lunney et al., ; Pillay et al., ; Zeller et al., ) . The knowledge of local residents about prominent wild species, recorded in interviews, can help assess species distributions and status over large landscapes, with moderate effort (Lunney et al., ) . However, the detection of an elusive species is seldom perfect, with a reasonable possibility that it may be present in a sampling unit but remain undetected, even over extended periods of time. Data from multiple interviewees reporting the detection or nondetection of a species in a sampling unit, when analysed using a site occupancy framework, can help address the problem of non-detection. People can provide information about past occurrence (site use) of a target species, and such data can inform our understanding of large-scale spatiotemporal trends and facilitate estimation of the probabilities of extinction and colonization under specific model formulations (Karanth et al., ; Pillay et al., ; Zeller et al., ) .
The Endangered snow leopard occurs in the Central Asian Mountains, which span c.  million km  over  countries. The northern and southern parts of the snow leopard's global range are connected by the Kyrgyz Alay Mountains (Fig. ) . In the s the Kyrgyz Republic and neighbouring Tajikistan were estimated to have ,-, snow leopards, representing . % of the global population. This population is suspected to have declined by % in the s after the fall of the Soviet Union (Koshkarev & Vyrypaev, ) . Human and livestock populations increased, intensifying grazing pressure, poaching and the demand for fuel (Murray, ) . Thus changes in the distribution and populations of wildlife may have occurred following the political and economic changes that accompanied the breakdown of the Soviet Union.
The Alay Mountains, located in southern Kyrgyzstan along the border with Tajikistan, represent the northern rim of the Pamir-Alay Mountain system. As the link between the Himalaya-Hindukush in the south and the Tien Shan and Altai mountain chains in the north, they have high biogeographical and conservation importance. Although snow leopards have been studied in other parts of Kyrgyzstan (e.g. McCarthy et al., ; Jumabay-Uulu et al., ), little research has been done on the wildlife of Alay. Snow leopards were not mentioned in early literature such as the monograph Mammals of Kyrgyzia (Yanushevich et al., ) , or in more recent publications by Vorobeev & Van Der Ven () and Farrington () , which reported the presence of other species (e.g. ibex Capra sibirica and Marco Polo sheep Ovis ammon polii) in the Alay. Biodiversity surveys based on interviews with local residents provided no information on snow leopards but reported their presence in the Tajik Pamir Mountains (Sagimbaev, ; Murray, ) . Izumiyama et al. () suggested that snow leopards may have gone extinct locally, but their methods did not take into consideration the possibility that the species may have been present but undetected. Watanabe et al. () reported that -% of interview respondents among local people in Alay knew of the existence of snow leopards and argali in the region, and that there was significant anthropogenic disturbance in the Kyrgyz Alay, in the form of livestock grazing, and legal and illegal hunting, in contrast to low densities of people and livestock on the Tajik side. A sizeable ibex population was reported in the upper Alay Mountains (Murray, ) , indicating that wild ungulates and carnivores may still survive in remote areas.
We used interview-based site-occupancy modelling to assess the past (; the last year of the Soviet Union) and current () status of the snow leopard and sympatric wildlife, including lynx Lynx lynx, brown bear Ursus arctos, Marco Polo sheep, wolf Canis lupus and ibex, in the Kyrgyz Alay. Our objective was to conduct a systematic assessment of the changes in distribution and conservation status of the snow leopard, its prey, and sympatric large carnivores in the region. We also tested the possibility of co-occurrence, or avoidance in the case of lynx and snow leopard, in the study area. Our data were recorded during interviews of key informants in local communities, and corrected for imperfect detection using maximum-likelihood-based models. We provide a spatially explicit assessment of local extinction and colonization of snow leopards and other sympatric species in this landscape, and identify hotspots for focusing future survey and conservation efforts.
Study area
Our study was conducted across the Alay Mountains, the Alay Valley, and the northern slopes of the Trans-Alay range, in an area of c. , km  bounded by the Kyrgyz-Tajik border in the south and high mountains in the north (Fig. ) . The Alay Valley divides the Alay Mountains and the Pamir Mountains, and is the largest inter-mountain depression in the Pamir-Alay Mountain System. Most of the settlements in the study area are located in valleys. The region to the north of the study area borders the densely populated Fergana Valley. Human population density in the Alay region was reported to be c.  per km  (Asykulov, ) and is expected to have increased by c. % during - (National Statistical Committee, ). Livestock rearing is the predominant livelihood activity, with additional resources provided by hunting (Asykulov, ) . The region has a continental climate, with a mean temperature of −°C in winter and °C in summer, and an annual mean of .°C (Majit, ) . Annual precipitation is c.  mm, with a mean of  mm per month in summer and  mm per month in winter; in the valleys mean precipitation is  mm per month in summer and  mm per month in winter. Snowfall occurs mostly during November-March, with rain during May and June. The snow line follows a gradient of , to , m from west to east. Vegetation may be categorized as semidesert, steppe, meadow steppe, subalpine and alpine meadow steppe, and spruce Picea forests. Oil and mineral extraction, gold mining and road construction are imminent threats to wildlife. A Pamir-Alay Trans-boundary Conservancy Area was proposed under a grant from the European Union (Murray, ) but has yet to be implemented (Snow Leopard Working Secretariat, ).
Methods

Sampling approach and data collection
The study area was divided into  -km  square sampling units, each approximating the mean home range of the snow leopard (c.  km  ; McCarthy et al., ).
JT conducted interview-based site-occupancy surveys during October-November , assisted by an interpreter. The surveys included questions about sightings and evidence of snow leopard, ibex, Marco Polo sheep, wolf, brown bear and lynx, and the extent of wildlife hunting and livestock depredation. We considered instances of hunting, direct sightings, and clearly identifiable signs (pugmarks, scrapes) to be species detections. We also included questions about the interviewee's experience, profession and time spent in the area of interest annually, to model as potential factors influencing the probability of the interviewee detecting the presence of wildlife and retaining the information.
Detailed conversations with interviewees and verification of their knowledge are necessary to obtain reliable information in a structured interview (White et al., ; Zeller et al., ) . We started the interviews by introducing ourselves and declaring that all information provided by the interviewee would be kept anonymous. The reliability of the interviewee's knowledge was tested by their description and identification of pictures of snow leopards and sympatric wildlife. Most of the interviews were conducted in the interviewee's house, in the presence of their family. In this familiar atmosphere, which was comfortable for both interviewees and interviewers, there were often extensive discussions about snow leopards, wildlife and people's needs and concerns, yielding highquality information.
The efficiency of the fieldwork was maximized by conducting interviews in autumn and winter, when most of the interviewees were available at home. We conducted a total of  independent interviews in  of  villages in the study area. Heavy snowfall prevented access to four villages but sufficient information about species in the area was obtained from people in neighbouring villages. Statistically, each interviewee represented a replicate for one or more sampling units with which he or she was familiar (i.e. the area of knowledge; Zeller et al., ). The interviewees defined their own area of knowledge, from which we assigned the information to specific sampling units. Replicate coverage of the sampling units comprised - respondents for  and - respondents for . If an interviewee had been inactive during one of the time periods for which we sought information, that time period was excluded from the data set. Interviewees included  men and three women aged - years. The interviewees reported spending - days per year in their area of knowledge in  and - days per year in .
We relaxed the assumption of closure of sites to changes in occupancy during the sampling periods, and the occupancy results were treated as probabilities of site use (MacKenzie & Nichols, ) in  (ψ) and  (ψ). We estimated the probabilities of local extinction (ε; a site used in  is no longer used) and local colonization (γ; a site that was not used in  is used currently) for all sampled units. In the occupancy models we used ε, γ and the probability of past site use (ψ) recursively to estimate the current probability of site use (ψ) in all sampled units. People's memories vary and their ability to report precisely about events that occurred during a particular timeframe may decrease over time. To address this we also modelled for variation in detection probabilities between the two time periods.
We created five spatial layers for the covariates affecting site use and extinction probabilities (Supplementary Material ), using the Spatial Analyst tool in ArcGIS v. . (ESRI, Redlands, USA). These layers included vegetation cover (normalized difference vegetation index) and four topographic covariates (altitude, slope, ruggedness and aspect), and were created using remotely sensed satellite imagery (Global Land Cover Facility, ) and Shuttle Radar Topography Mission data (CGIAR-CSI, ), respectively. The vector ruggedness measure of the study area was created using a geoprocessing script developed by Sappington et al. () . Covariate pixel values were averaged for each sampling unit. As a measure of human disturbance we used the distance of each sampling unit from the nearest settlement as site covariate.
Data analysis
For  and  we recorded , and  reports of detection or non-detection of species across the  grid cells, respectively. Multiple reports from within a sampling grid cell by each observer were merged and assigned a value of  or , representing detection or non-detection. This resulted in  and  information points for the matrix representing detection histories of various species for  and , respectively.
Site covariates that could influence probabilities of site use, extinction and colonization were incorporated in the occupancy models by means of logistic insertion. Survey covariates that could influence the probability of detection (interviewee profession, experience, days spent in their area of knowledge) were also incorporated. Profession was categorized as local hunter (prof), herder or herder & local hunter (prof), or other (prof). Individuals who reportedly hunted periodically were categorized as hunters. We tested the effect of time period in our models to address possible variation between the detection probabilities for  and .
The probabilities of species site use, detection, and local extinction and colonization were modelled using PRESENCE v. . (Hines, ) . Changes in site use, detection, extinction and colonization rates between the sampling years were modelled using a multi-season approach (MacKenzie et al., ). We used Akaike weights to rank our set of models (Anderson & Burnham, ; Symonds & Moussalli, ), and we model-averaged estimates of site use, colonization, extinction and detection probabilities using those models that cumulatively accounted for % of the total model weight.
By plotting the model-averaged estimates of ψ, ε, γ and ψ on the sampling units in ArcGIS v... we were able to create probabilistic maps for species distributions in  and , as well as colonization and extinction patterns. To identify sites for more detailed surveys and targeted conservation efforts, we summed the pixel values of current probability of site use for all species and divided the sampling units into three categories of conservation value. The sampling units with top, middle and lowest one-third pixel values were categorized as having high, medium and low conservation value, respectively.
Our analysis suggested contrasting trends between snow leopard and lynx, and therefore we also ran co-occurrence models (MacKenzie et al., ) on these species to estimate the probability of occurrence of one given the probability of presence or absence of the other. We ran these models on the  data for the two species to determine if there was any indication of mesopredator release. For the scenario where lynx benefitted from the absence of snow leopard we expected ψ Ba (the probability of an area being used by species B, given the absence of species A) to be high. However, we expected the value of ψ BA (the probability of an area being used by species B, given presence of species A) to be high if the two species co-occurred.
Results
Interviewees reported snow leopard presence in  sampling units in total over both time periods. Detections were reported in  sampling units in  and  in . Lynx, brown bear and Marco Polo sheep were detected in ,  and  sampling units, respectively, in  and in ,  and  sampling units in . Naïve occupancy estimates (assuming all sites being used by the species in a specific period were reported) were . in  and . in  for snow leopard, . and . for brown bear, . in both periods for lynx, and . and . for Marco Polo sheep. Wolf and ibex were detected in all sampling units in both sampling periods, precluding any need for estimating site-use probability; hence these two species were excluded from further analyses.
For each model, the model weight indicates the probability of it being the best model in the set ( Table  ). The number of models whose Akaike weights summed to $ . varied with species ( for Marco Polo sheep,  for snow leopard).
We found that the detection probability varied between the two time periods, whereas profession, experience and number of days spent in the area of knowledge had a relatively smaller but evident effect (Table ) . Profession and days spent in the area of knowledge affected the detection probability of Marco Polo sheep, followed by the time period. Time period, followed by days spent in the area of knowledge and work experience improved the probability of detection of brown bear. For lynx, detectability was most influenced by experience and days spent in the field, followed by time period and profession.
Site use and local extinction/colonization probabilities
We were able to test the effects of six site covariates on estimated probabilities of sites used, and of their local colonization and extinction, for the four species (Table ) . The probability of site use by snow leopards suggested a moderate to high presence in the western, northern and eastern regions of Alay (Fig. a) and ranged between . ± SE . and . ± SE .. Apart from some regions of central Alay that were used as seasonal pastures by herders, there was a high probability of site use by snow leopards in  (. . in % of sampled units), with high distribution probability primarily characterized by relatively lower mean altitudes (β altitude = −. ± SE .) and steep slopes (β slope = . ± SE .). There was also some evidence of the effect of ruggedness and a possible interaction between ruggedness and slope in some of the lower-ranking models ( Table ) . Distance from settlements and vegetation index had no discernible effect on the probability of sites being used by snow leopards. In % of the sampled sites there was a high probability (. .) that the snow leopard had gone extinct locally. Most local extinctions may have occurred towards the central and eastern parts of Alay, around sites with relatively gentle slopes, which tend to be areas of high human use in the form of settlements, grazing pastures and infrastructural development. In contrast % of the sampling units, mostly towards the north and south-west regions of Alay, had a low probability of extinction (, .), indicating that snow leopard populations persist in these regions. None of the sampled units across the study area showed any evidence of local colonization. The probability of site use in  was between . ± SE  and . ± SE ., and % sites had a high probability (. .) of site use. This was higher towards the northern, western and south-western edges of Alay, in areas that were steeper and relatively less accessible from settlements and pastures (Fig. b) .
In  lynx were distributed throughout the Alay region, with lower probabilities of site use around the centre (Fig. c) . None of the sampled units showed a high probability (. .) of past site use. Data for  indicated a high probability of site use in % of the sampling units (Fig. d) . Although a marginal net decline was indicated, lynx was the only species that appeared to have colonized new areas. The probability of local extinction was between . ± SE . and . ± SE . across the region, whereas the probability of local colonization was between . ± SE . and . ± SE .. The probability of local colonization was slightly higher near settlements and towards the north-east and north-west of the region. There appeared to be a spatial pattern in the probabilities of local colonization by lynx and local extinction of snow leopard, with a correlation coefficient of .. However, our estimates regarding lynx were relatively imprecise because of high variance.
Past distribution of brown bears was uniform across Alay (Fig. e) , and the probability of site use by brown bears in  in the sampled units was between . ± SE . and . ± SE .. Up to % of sites showed a high probability (. .) of local extinction. The current distribution appears to be restricted to the north and north-west regions of Alay, including patches near the southern border with Tajikistan ( Fig. f) . There appears to be a higher probability of local extinction in areas with lower slope and ruggedness values, and close to settlements (Table ) .
For Marco Polo sheep the probability of past site use was high (. .) for % of sites, with population strongholds centred along the border of Kyrgyzstan and Tajikistan, and parts of central Alay (Fig. g) . The sheep were more likely (g & h) in the Kyrgyz Alay Mountains (Fig. ) .
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to use sites with lower mean slope and ruggedness (β ruggednessXslope = −. ± SE .), indicating rolling terrain. High probability (. .) of local extinction was reported from % of sites. The probability of local extinction was greater around human settlements, with current distribution restricted to southern and eastern edges of Alay (Fig. h) .
The species co-occurrence models did not yield any discernible pattern in the probability of occurrence of snow leopard and lynx that could indicate a mesopredator release. The coefficients of the parameters ψ BA (β = −. ± SE .) and ψ Ba (β = −. ± SE ,.) suggested the possibility of co-occurrence rather than opportunistic occupation by one species at the cost of another, but high variances indicated the inadequacy of the data for reliable interpretation.
Discussion
Dealing with false absences is crucial when reporting species distributions, local extinctions and colonizations. Nondetection may lead to underestimation of the area being used and overestimation of extinction probability. These errors are compounded if there are covariates influencing the parameters non-uniformly across the area of interest. We addressed the issue of imperfect detection by estimating probabilities of people detecting and reporting a species. Our results are derived from secondary data; we based our inferences on people's ability to recollect information about sightings of large mammals. Although we took adequate care when estimating probabilities of detection, site use, local extinction, and colonization, it is important that our results are interpreted with caution. The models are based on the assumption that species distribution did not change non-randomly during each primary sampling period ( and ). The models assumed that the probability of site use, detection probability, and variation between the primary sampling periods were a function of specific covariates that have been incorporated in the analysis. We did not consider the issue of false presence (Royle & Link, ; Pillay et al., ) , and although the possibility of confusing snow leopard and lynx was unlikely, this potential shortcoming could be addressed in primary surveys in the future. Our first sampling period coincided with the break-up of the Soviet Union, a watershed geopolitical event that influenced the status of biodiversity across the region. Our second sampling period was ; the Kyrgyz Republic has remained politically stable, and therefore we do not expect major changes in the status of biodiversity in the Alay Mountains to have occurred since then.
Our data suggest that most species, including the snow leopard, when present had low detection probabilities (P snow leopard : .-.; P Marco Polo : .-.; P brown bear : .-.; P lynx : .-.). This makes the use of empirical methods to estimate detection probability particularly important. Analysis of the data on wolf and ibex was not deemed necessary, given their ubiquitous presence and detectability. The other four species appear to have declined in many parts of Alay since , with the snow leopard, brown bear and Marco Polo sheep showing high probability of extinction (ε . .) in . % of the sampled units. The snow leopard, which had a high probability of use in an estimated % of the sampling units in , appears to have lost more than a third of this range. However, our results suggest their continued persistence (ψ . .) in an FIG. 3 Conservation priority areas in the Kyrgyz Alay Mountains (Fig. ) , based on the probabilities of current site use for snow leopard, brown bear, lynx and Marco Polo sheep.
estimated % of the study area, which is higher than the distribution (% of the area) reported by Watanabe et al. () , who also used an interview-based survey but did not take into consideration the possibility of imperfect detection of the species. The areas with high probability of extinction within Alay raise concerns about the remaining connectivity between the southern and northern global ranges of the snow leopard. We recommend that future studies should attempt to map population connectivity to the east, in China, and west of our study area along the Kyrgyz−Tajik border.
The lynx was the only species that, alongside local extinctions, also appeared to have colonized new areas. Although a weak correlation between the probability of colonization by lynx and the probability of extinction of the snow leopard indicated the possibility of mesopredator release (Crooks & Soulé, ; Miller et al., ; Harihar et al., ; Ripple et al., ) , our analysis of species co-occurrence did not support such a possibility. However, significant variance renders our interpretations tentative, and thus followup studies exploring such a pattern could be useful.
Most of the species we examined had a high probability of extinction in areas that were either adjacent to or within regions of high human use. These included areas of low altitude, ruggedness and slope, which are relatively more accessible to hunters. They also presumably attract keepers of livestock, and have undergone infrastructural development.
The large mammal populations of central Alay appear to have declined significantly since , whereas in the northwest and on the northern and southern fringes of Alay the same species appear to have remained relatively stable (Fig. ) . The remnant population of Marco Polo sheep along the southern border may be persisting because of connectivity with larger populations in Tajikistan. Ours was a broad-scale study that identified areas with high probability of local extinction of four large mammals in Alay. Given the limitations of this preliminary work, intensive field surveys need to be undertaken to collect primary data, using sign surveys, camera trapping and collection of genetic material (e.g. scats) to understand the issues of connectivity and population abundance in the area.
